Objectives-The purpose was to study the effects on the nervous system in welders exposed to aluminium and manganese. Methods-The investigation included questionnaires on symptoms, psychological methods (simple reaction time, finger tapping speed and endurance, digit span, vocabulary, tracking, symbol digit, cylinders, olfactory threshold, Luria-Nebraska motor scale), neurophysiological methods (electroencephalography, event related auditory evoked potential (P-300), brainstem auditory evoked potential, and diadochokinesometry) and assessments of blood and urine concentrations of metals (aluminium, lead, and manganese). Results-The welders exposed to aluminium (n = 38) reported more symptoms from the central nervous system than the control group (n = 39). They also had a decreased motor function in five tests. The effect was dose related in two of these five tests. The median exposure of aluminium welders was 7065 hours and they had about seven times higher concentrations of aluminium in urine than the controls. The welders exposed to manganese (n = 12) had a decreased motor function in five tests. An increased latency of event related auditory evoked potential was also found in this group. The median manganese exposure was 270 hours. These welders did not have higher concentrations of manganese in blood than the controls. Conclusions-The neurotoxic effects found in the groups of welders exposed to aluminium and manganese are probably caused by the aluminium and manganese exposure, respectively. These effects indicate a need for improvements in the work environments of these welders. (Occup Environ Med 1996;53:32-40) 
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(Occup Environ Med 1996;53: [32] [33] [34] [35] [36] [37] [38] [39] [40] Keywords: aluminium; manganese; welding During the 1930s and 1940s, exposure to aluminium powder caused pulmonary fibrosis and aluminosis. ' This disease disappeared when the working environment improved. Interest in this metal was renewed during the 1970s when it was found that patients on dialysis around the world developed severe brain damage. 23 The disease typically had an insidious onset. Family members noted initially very subtle personality changes. The finding that most commonly led to the diagnosis of aluminium toxicity was speech disturbance. The speech disorder was characterised by a stuttering or stammering of speech, with hesitancy and at times total inability to speak. As the disease progressed the speech disturbances became more severe and eventually the patient became completely mute. 4 Twitchings, myoclonic jerks, motor apraxia, and seizures occurred in about 75% of the cases. Today aluminium is firmly established as a neurotoxin in humans. 4 The patients on dialysis had been exposed to aluminium from two sources. One route was through the drugs that contained aluminium, which were taken orally and used to lower the phosphate concentrations in blood. The other source was the water used for the dialysate. These patients with insufficient kidney function were particularly sensitive to aluminium exposure, as this metal is excreted through the urine.
Difficulty with speech was also an important symptom in one worker exposed to aluminium powder for 13 years.' He became forgetful, and also had attacks of clonic jerking of the left leg and later also the left arm, even though he was conscious. Motor disturbances and signs of dementia have recently been confirmed in a patient more than 40 years after aluminosis was diagnosed in 1946.6 Several investigations have surveyed the exposure to aluminium in Swedish industries. The highest blood and urine concentrations were found in welders exposed to aluminium and in flake powder producers. 7 9 In welders exposed to aluminium long term high concentrations have been found in the skeleton. ' After arc air gouging of manganese alloyed steel, two welders developed symptoms of the central nervous system that were an expression of high manganese exposure.'314 Since then, symptoms and signs of manganese intoxication have been documented from several welders. '5 16 Railway track welders are sometimes exposed to manganese" 1617 and this exposure has been associated with clinical signs of intoxication,'6 as well as an increased prevalence of symptoms from the central nervous system compared with a control group of welders exposed to iron."
The aim of the present investigation was to study with psychological and neurophysiological methods the effects on the nervous system of exposure to aluminium and manganese in welders. The exposed groups were compared with a control group comprising welders exposed to iron.
Subjects and methods

STUDY POPULATION
Welders exposed to aluminium Welders exposed to aluminium were chosen from companies from which we had previous information on exposure to aluminium welding fumes." A questionnaire on exposure was sent to 86 welders with at least five years exposure to welding fumes containing aluminium.
Responses were obtained from 74 of them (86%). Altogether 38 welders exposed to aluminium, who according to the questionnaire had welded lead or high alloy manganese steel for a total of less than 10 hours, were chosen from companies within 250 kilometres of Stockholm.
Railway track welders
The railway track company had a register of the 240 employed railway track welders. The same questionnaire on exposure was sent to these welders. Altogether 202 (84%) welders answered the questionnaire. Only those who had welded for five years or more were included in the study.
Welders exposed to manganese Manganese alloy is sometimes overlayed in crossings with an electric electrode to increase the strength of the rail. Only 13 welders had been exposed to manganese and had welded for a total of more than 100 hours in high alloy manganese steel, and for a total of less than 25 hours in lead or aluminium. One welder refused to participate.
Control welders
As a control group 44 railway track welders were chosen, who according to the questionnaire had welded for a total of less than 25 hours in high alloy manganese steel, lead, or aluminium. Five welders refused to participate. During the investigation two welders scrutinised their memories carefully and reported a longer exposure to lead, 40 and 45 hours respectively.
According to representatives from the railway track company there was no selection to the two groups of railway welders.
Methods
Each subject was examined during one half day. The examination included questions on exposure and symptoms, psychological and neurophysiological investigations, and assessments of metals in blood and urine.
Exposure Information on exposure time was taken from the questionnaire.The exposure to particles in the breathing zone of the welders was surveyed in the mid-1970s. The median exposure was 10 mg/M3 during aluminium metal inert gas (MIG) welding.'8 The aluminium content was 40% of the total welding fume.'9 Tungsten inert gas (TIG) welding was associated with a median exposure of 1 mg/M3.'8 The total number of welding hours (T) has been calculated in the following way for MIG welders: T = (TD/8) x 1570xA TD = reported number of exposed hours per day; A = reported number of exposed years.
The number of working hours a year was on average 1570 at the end of the 1970s and during the 1980s, after exclusion of absenteeism. The TIG welding time has been divided by 10 to correspond to MIG welding exposure.
The railway track welders exposed to manganese worked with high alloy manganese electrodes (ESAB OK 86-08 and 86 28). According to the manufacturer, the fumes from these electrodes contained 22-24% manganese. Each welder has estimated his exposure time working with these electrodes.
The control group was mainly exposed to iron. The group was somewhat exposed to manganese, as almost all welders are. The exposure of the control welding group has been surveyed before and the fumes from the electrodes used contain 2-8% manganese.
Metals in blood and urine
One sample of blood and one sample of urine were taken from each participant.
All materials used for sampling and storing were tested for the release of aluminium, lead, or manganese with a liquid containing 0 9% NaCl. Syringes for blood sampling were Neofly, Viggo-Spectramed, JMS Singapore; tubes for storing blood were acid rinsed 5 The urinary metal concentrations were adjusted to creatinine and to concentrations after the shift. The concentrations of aluminium in urine of the exposed welders were divided by e-00015 X T (for welders exposed for less than 10 years) to adjust the concentration in urine to an after shift level. T = the number of hours from the end of the shift to the sampling. The correction for welders who had been exposed for 10 years or longer was: e-00015 x T.9 Questionnaires Five main questionnaires were used.
Questionnaire A comprised questions on previous diseases, smoking, and alcohol habits. Simple reaction time-The simple reaction time measurement was a sustained attention task lasting for 11 minutes and measuring the response speed to an easily discriminated but temporally uncertain stimulus. Performance level was evaluated as the mean response latency (ms) for the last 10 minutes. The variability was evaluated as the SD of the individual distribution of latencies.
Finger tapping speed-The test for finger tapping speed measured the maximum speed of repetitive finger movement. Performance was evaluated as the mean number of taps for each index finger (dominant/non-dominant hand) from the last three of four 10 second trials.
Finger tapping endurance-This test of finger tapping endurance measured the number of taps performed with the index finger of the dominant hand during one 60 second trial.
Digit span-In this traditional test of short term memory capacity series of digits are presented on the screen. The digits are presented one at a time for one second, and the task is to reproduce the series on the keyboard. Depending on the correctness of the answer, the length of the next series is either increased or decreased. The test starts with a series of three digits and it is ended after six changes from correct to an incorrect answer.
Vocabulary-This is a traditional test of verbal comprehension. The task is to indicate among five alternatives which is the synonym of a key word. A total of 45 items, 15 nouns, 15 verbs, and 15 adjectives are presented. The words are presented in ascending order of difficulty and the number of correct answers is counted.
Tracking-The tracking test measures eyehand coordination. In this task a rectangular frame moves over the computer screen in a predefined pattern, which is unknown to the subject. His task is to continuously control the movement of the cursor, while using a joy stick to keep the cursor as close to the centre of the moving frame as possible. The test runs for six minutes, and the mean deviance from the centre of the frame is used as the performance measure.
Symbol digit-This is a revised version of a traditional test of perceptual speed. Two rows of symbols are presented on the screen. In the upper row each symbol is paired with a ran-domly arranged digit between one and nine. The task is to key in as fast as possible the digits corresponding to the symbols presented in a random order in the second row. Each item consists of nine pairs of randomly arranged symbols and digits, and a total of 10 items are presented. Performance is evaluated for the last six items of the test.
Cylinders-The test consists of two wooden plates with 60 holes in each plate. The task is to move cylinders from the holes in one plate to the other as fast as possible in 40 seconds, first with the dominant hand and then with the non-dominant hand. The test is performed twice and the number of cylinders is counted. Neurophysiological examinations Electroencephalography-Electroencephalography (EEG) was performed according to clinical practice. The electrodes were placed according to the international 10/20-system. The subject was semireclined in a comfortable chair with the eyes closed. The interpretation was performed visually from paper recordings. The EEGs were classified as normal or pathological. The a activity was measured manually from the number of a waves during one second from three randomised samples of the resting curve.
Event related auditory evoked potential-Event related auditory evoked potential (P-300) examination was performed in a quiet room with the subject semireclined in a comfortable chair. Stimuli presented through headphones consisted of 50 ms beeps with a frequency of 1000 Hz (repetitive) or 2000 Hz (randomised). The interval between stimuli was two seconds, and 25% of the beeps were of the randomised type. The subject was instructed to count the number of randomised beeps and keep the accumulated sum in mind. The total number of beeps was 512. Latency to the P-300 peak was measured.
Brainstem auditory evoked potential-Stimuli for the brainstem auditory evoked potential consisted of brief (0 05 Where group differences had been found, possible dose-effect relations were calculated as correlations between dose estimates and effect measures.
To further study possible dose-effect relations of aluminium exposure, the group of welders exposed to aluminium was merged with the control group. This constructed group was divided into three categories of tIndividual means of ratings.
Results
The mean ages in the groups of welders were almost the same. The mean age was 39 0 (range 26-56) years in the welders exposed to aluminium, 40 4 (range 27-61) years in the welders exposed to manganese, and 40 1 years (23-59) among the control welders. The welders exposed to manganese had worked more years with welding in general (19-5 years) than the welders exposed to aluminium (17-1 years) and the control welders (13-8 years). The smoking habits differed somewhat between the groups. In the group of welders exposed to aluminium 34% smoked, in the manganese group 17%, and in the control group 27%. About 50% were ex-smokers.
Among the welders exposed to aluminium 24% drank beer, wine, or spirits every weekend. In the manganese exposed group 17% and in the control group 29% had the same habit.
Three control welders had experienced head trauma. One welder had been unconscious for less than one hour, and one for a somewhat longer period. One welder exposed to manganese had been unconscious for less than one hour.
None of the participants had been occupationally exposed to solvents. Two control welders had been exposed to solvents to some extent during leisure activities.
The only subject who had ingested antacids containing aluminium daily during the past 10 years was a control welder. This welder had the highest urinary concentration of aluminium among the controls, 26 jug/l. EXPOSURE Table 1 shows the reported duration of exposure and blood and urine concentrations of aluminium, manganese, and lead. The urinary aluminium concentrations of the welders exposed to aluminium were about seven times higher than the control welders. The calculated median (range) concentration of aluminium after the shift was 22-4 (4-322) yg/l.
The corresponding median (range) concentration adjusted for creatinine was 24-4 (4-5-164) gtg/g creatinine. The median time between the end of the shift and sampling was 32 (mean (range) 177 (20-3956)) hours.
The welders exposed to manganese did not have higher concentrations of manganese in blood than the other groups.
There was no correlation between the duration of exposure to aluminium from welding (total number of hours) and the concentration of aluminium in blood (r = 0-10, P = 0 58). However, there was an indication of a correlation between the duration of exposure to aluminium from welding and the concentration EJffects on the nervous system among welders exposed to aluminium and manganese of aluminium in urine (r = 0 26, P = 0 11).
SYMPTOMS
Several questionnaires were used to measure the occurrence of symptoms from the central and peripheral nervous system (table 2) . The welders exposed to aluminium reported more symptoms from the central nervous system at the time of the test and the most prominent symptom was fatigue. These welders also reported fewer symptoms of pain during the past six months than the control welders. There were more symptoms from the peripheral nervous system, sensory and motor symptoms, and disturbances of sleep among the welders exposed to manganese than among the control welders. These differences remained after adjustment for age, blood lead concentrations, alcohol consumption, and alcohol habits.
PSYCHOLOGICAL EXAMINATIONS Table 3 shows the results from the three groups of welders for the psychological test battery. The welders exposed to aluminium achieved a significantly lower score in four of the tests than did the control group, and the welders exposed to manganese achieved a lower score in five of the tests. The relative differences in performance varied between 4% and 12%.
NEUROPHYSIOLOGICAL EXAMINATIONS
The visual interpretation of the paper recorded electroencephalography (EEG) did not show any significant differences between the welding groups. The proportion of pathological EEGs was 29% among the welders exposed to aluminium, 33% among the welders exposed to manganese, and 13% among the control welders. There was no difference between welders exposed to aluminium and control welders in latency of event related auditory evoked potential (P-300), 311-4 ms and 309 4, respectively. However, the welders exposed to manganese (332-5 ms) had a significantly longer latency than the controls.
There was no difference between any of the welding groups for latencies of the brainstem auditory evoked potential.
The welders exposed to aluminium had a significantly higher amplitude of the dominant hand in the diadochokinesometric investigation than did the control welders, 104-6 and 97-2 (arbitrary units), respectively. There was no significant difference between the measured frequencies, 2-69 and 2-86 (Hz), respectively. The non-dominant hand showed the same tendency but the differences were not significant. There were no significant differences between the welders exposed to manganese and the controls.
DOSE-EFFECT RELATION
A significant difference was found between the welders exposed to aluminium and controls in seven variables altogether. These variables were investigated for possible dose effect relations. The only significant correlation was found between urinary aluminium concentration and the occurrence of symptoms of the central nervous system. No significant correlations were found among the welders exposed to manganese.
To further investigate the possible doseeffect relation of aluminium exposure, the group of welders exposed to aluminium was merged with the control group. This merged group was divided into three categories of exposure. The borders of these categories were the 50th and 75th percentiles according to urinary concentrations of aluminium. Three variables showed a significant dose-effect relation according to the analysis of variance (table 4) . The median urinary concentration of aluminium was 59 jg/l in the highest exposure group. In five welders the urinary concentration exceeded 100 ug/l. A similar dose-effect relation was also found when the urinary concentrations were adjusted to jug/g creatinine.
The 75th percentile was 24-5 yg/g creatinine.
A dose-effect relation was also calculated for the number of hours exposed to aluminium and blood concentrations. An aluminium exposure exceeding 7028 hours had the same effect as a urinary aluminium concentration above 24 jg/l. The concentration of aluminium in blood did not relate either to symptoms or to performance.
Discussion
ALUMINIUM
The most prominent symptom among the welders exposed to aluminium in this study was fatigue at the time of the test. However, fatigue was not a prominent symptom in previous studies of Swedish welders" nor Finnish welders. '4 In a previous investigation of welders exposed to aluminium, an increased occurrence of symptoms such as difficulties in concentrating and depression was reported." With information from a previuos study on the relation between air concentration of aluminium, duration of exposure, and urinary concentration, a urinary aluminium concentration of about 250 jug/l was calculated.28 This urinary concentration is four to five times higher than the concentration in the current study, which did not show an increased prevalence of these particular symptoms (Q16).
In our group of welders exposed to aluminium performance decrements in five motor tests were also found. The aluminium concentrations found in our study are possibly lower than the true concentrations, as observed values were 25% lower than external control values.
The dose-dependent effect on motor function, which was found in this study, and the tremor found among the Norwegian potroom workers" appeared at about the same dose and concentration of aluminium in urine. Still, further studies are necessary to confirm this finding.
MANGANESE
The welders exposed to manganese in this study reported more symptoms from the peripheral nervous system and also more frequent sensory and motor symptoms than did the control welders. Such symptoms have been more frequently found also among other groups of workers exposed to manganese. Furthermore, our study of welders showed a higher prevalence of disturbances of sleep among the welders exposed to manganese. Insomnia has also been noted in several other studies. 16 35 36 Fatigue, finger tremor, and tinnitus were not prominent symptoms in our study but have been reported by others.'536 Swedish railway track welders exposed to manganese had a higher prevalence of symptoms from the central nervous system than did a control group of welders exposed to iron.11
The same questionnaire (Q16) was used in this study and showed a higher, but not significantly higher, prevalence of these symptoms.
Among German welders exposed to 1-4 mg/m3 of manganese for an average of 16 years, a positive relation was found between the number of exposed years and a reaction time index.37 A prolonged slowed reaction time has been seen in several other studies of workers exposed to manganese.36 38 39 However, no significant prolongation of the reaction time was found in our study. This may be due to the short exposure time.
A Swedish study of 30 foundry workers exposed to manganese reported inferior performance in the exposed group compared with 60 non-exposed workers. The exposure concentration was rather low, with a geometric mean (range) of 0-15 (0.19-1.39) mg/M3.39
Finger tapping performance was reduced in this study of Swedish foundry workers, in Italian ferroalloy plant workers,40 and in the current study of welders.
The motor disturbances found in the LuriaNebraska motor scale was in agreement with the findings by Mergler and colleagues. 35 Our study disclosed a difference between the groups in hand dexterity (cylinders). This finding is not supported by the studies of Mergler et a135 and Wennberg et al. 39 One possible explanation of this difference is a better comparability between the exposed group and the control group, both being welders. This design feature might have increased the sensitivitity of the study to find group differences.
In a review of previous studies, relatively consistent effects have been described about memory functions.41 A tendency towards such an effect was also found in the present study.
A facilitation effect on the olfactory perception (a lowered threshold) has previously been found in workers exposed to manganese. 35 Such an effect could not be found in this study.
The longer latency of event related auditory evoked potential (P-300) found in this study was similarly found as a tendency in the study of Swedish foundry workers exposed to manganese. 39 In this study calculations of accumulated doses could not be performed because of the scarcity of data. Roels The welders exposed to manganese were very few (n = 12). The total number of hours exposed to manganese was also low. The median exposure was 270 hours, and no welder reported more than 1760 hours, which is slightly more than one year. It is remarkable that a poorer performance was detected in such a small group of welders with such low exposure who had worked presumably in a well ventilated outdoor atmosphere. The welding fumes generated from the high alloy manganese electrodes contain 22-24% manganese. So far, only a few exposure measurements have been performed during this particular work. Two time weighted averages when welding with the coated electrode ESAB OK 86-28 were 0-1 and 0 5 mg/M3. Welding with a flux cored wire electrode was associated with a time weighted average of 0 9 mg/M3.
The differences in symptoms that were found between the welders exposed to manganese and the controls in this study are in agreement with what is to be expected from previous studies of subjects exposed to manganese. The differences regarding performance refer to motor function and these differences are also in agreement with previous investigations although these exposed groups have generally been exposed for a longer time and most often to higher levels.4'
COMPARABILITY OF THE STUDY GROUPS
The three groups of welders are comparable for education and social background. According to representatives from the railway track company, there has not been any biased selection to any of the track welding groups. The alcohol habits were about the same among the welders exposed to aluminium and controls, and a somewhat lower consumption was reported by the welders exposed to manganese. The group differences found were not affected by adjustment for alcohol consumption. Age has been discussed as a possible influencing factor on some tests. However, adjustment for age did not change any results. The blood concentration of lead did not differ between the groups and all welders had a concentration below 100 ,g/l, which is normal for occupationally non-exposed groups.42 As expected adjustment for blood lead concentrations did not change the results. Previous head trauma was somewhat more common among control welders. This was not taken into account in the analysis, and the effect, probably minor, would have underestimated group differences.
Altogether, the comparability between the studied groups is probably better in the present investigation than in most other studies where psychological performance was the effect measure.
Conclusion
Subtle disturbances in motor function have been found in this and other groups of workers exposed to aluminium when urinary concentrations have been around 50,g/l. These results indicate further investigations of other workers exposed to this metal. Measurements should be taken to decrease the aluminium exposure among welders.
Consistent disturbances in motor function shown by several tests in our study, lead to the conclusion that manganese is most likely to be the cause, despite the low concentrations and short duration of exposure. Thus, the work environment for these welders working with high alloy manganese electrodes should be improved.
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